• Mysm1 is required to maintain the quiescence and pool size of HSC and its deletion severely impairs the survival and function of HSC.
Introduction
HSC are responsible for giving rise to all lineages of blood cells. To sustain blood cell production throughout the lifetime of an individual, a steady state condition is established during postnatal life, in which HSC self-renewal and differentiation are carefully regulated to maintain the HSC pool 1, 2 . Numerous genes and signaling pathways, including HoxB4, Notch1, Gfi1, Bmi-1, and the Wnt signaling pathway, have been implicated in this process [3] [4] [5] [6] [7] [8] [9] [10] . Recently, accumulating evidence indicate that molecules involved in epigenetic and chromatin modifications are also critical for HSC self-renewal and differentiation [11] [12] [13] [14] . However, despite increasing numbers of key players in regulating HSC fate decision have been identified, their roles in HSC biology and their interplay remain poorly understood.
Histone modification is one of the major covalent modifications that occur at histone tails. Among the histone octamer, H2A is the most abundant ubiquitinated proteins and polycomb repressor complex 1 (PRC1) is the main H2A ubiquitin ligase 15, 16 . PRC1 plays an important role in transcriptional repression of target genes and is required for the maintenance of both embryonic, as well as a broad range of adult stem cells, including HSC. As observed in knockout mouse lines for Ring1B 17 , Bmi1 8 , Rae28 18 , and Mel18 19 , mice harboring mutations in the components of PRC1 commonly develop hematopoietic abnormalities. Once localized to the chromatin, Ring1B and Bmi1, the core components of PRC1, can ubiquitinate histone H2A at lysine 119 (H2Aub) 15, 16, 20 , which is thought to contribute to transcriptional repression by inhibiting transcription initiation 21 or by restraining RNA pol II from elongation 22, 23 . Although some reports indicate that PRC1
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Despite its important function and early discovery, histone ubiquitination remains the least understood when compared with other histone modifications. In particular, the physiological functions for the increasing number of histone H2A deubiquitinases remain unknown. Recently, ubiquitin-specific proteases (USP) 16(Ubp-M), USP21, BRCA1 associated protein 1 (BAP1), and the Myb-like, SWIRM, and MPN domains containing protein 1 (Mysm1) were identified as H2A-specific deubiquitinases (H2A-DUBs) [26] [27] [28] [29] . They play important roles in H2Aub-mediated HOX gene silencing, X chromosome inactivation, cell cycle progression, DNA damage or repair, and liver regeneration [26] [27] [28] 30, 31 .
We and others have found that Mysm1 is required for BM hematopoiesis and lymphocyte differentiation, especially in B cell development 32, 33 . Nijnik A et al. have
reported the role of Mysm1 in BM hematopoiesis and function 33 . However, the detailed role of Mysm1 exclusively in HSC's biology and the mechanisms associated with it has not been investigated yet. In our present study, we enumerate the critical role of Mysm1 in HSC maintenance, self-renewal, differentiation and function in a more detailed manner and provide a possible mechanism by which Mysm1carries out this function.
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Materials and Methods

Mice
Mysm1-deficient mice were generated as described previously (Jiang XX, et al. 2011 ).
Briefly, they were generated by crossing Mysm1 mRNA truncation-first floxed mice 
Cell-proliferation and cell cycle studies
In vivo incorporation of BrdU into LSK cells was assessed using the FITC BrdU Flow kit (BD Pharmingen, San Diego, CA). Mice were intraperitoneally injected with 2 mg ml-1 of BrdU for 5 days and then sacrificed. BM cells were prepared and stained with antibodies and analyzed by flow cytometry. In some experiments, LSK cells were first sorted and infected with lentivirus or retrovirus constructs for indicated time. Cells were then incubated with BrdU at a final concentration of 10 µM for 30 min before staining and analysis.
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Pyronin and Hoechst staining
The quiescence of the freshly isolated HSC was determined by staining with Hoechst 33342 (Molecular Probes, Eugene, OR) and pyronin Y (Sigma, St. Louis, MO). BM cells were resuspended in PBS containing 2% (vol/vol) FCS and 10 µM Hoechst 33342. Cells were then incubated for 30 min at 37° C, then washed and subsequently resuspended in PBS supplemented with 20 mM HEPES, pH 7.4, glucose (1 mg/ml), 10% (vol/vol) FCS, 10 µM Hoechst 33342 and pyronin Y (1 µg/ml). Cells were incubated for an additional 15 min at 37° C, then were washed and stained for analysis by flow cytometry. Pyronin Y fluorescence was detected at 575 nm in the linear range.
Chromatin Immunoprecipitation
Chromatin was immunoprecipitated according to the manufacturer's instructions (Cell Signaling Technology, Danvers, MA). In brief, cells were crosslinked with 1% (vol/vol) formaldehyde. Chromatin was isolated, digested by micrococcal nuclease (MNase), sheared by sonication, and immunoprecipitated with antibodies.
Immunoprecipitated DNA was washed and eluted according to the manufacturer's instructions. Eluted DNA and sheared input material was analyzed by PCR. The following antibodies were used: anti-Mysm1 (custom-made), anti-Gata2 (sc-9008x) and anti-Scl (sc-12984x) are both from Santa Cruz Technology (Dallas, TX), anti-PU. 1 (2258) is from Cell Signaling Technology (Danvers, MA), anti-Runx1 (ab23980), anti-H3K4me 
Results
Mysm1 controls HSC differentiation during its transition to MPPs
Nijnik A et al. 33 Figure S2a) , indicating the importance of Mysm1 in HSC maintenance and function.
We then analyzed and found that Mysm1-deficient mice had a more than 4-fold 34, 35 . Our analysis showed that although there was not a significant change in the most primitive HSC and MPP1 subsets, the absolute numbers of MPP2, MPP3, and MPP4 dramatically decreased (Figure 1g & h) . Specifically, the reduction was severe in Consistently, Mysm1 -/-mice have been reported to show impaired lymphopoiesis 32, 33 . showed that in the absence of Mysm1, HSC proliferate rapidly and exhaust the stem cell reserves leading to a defective stem cell renewal capacity, BM exhaustion, and early death.
We then re-examined if reduction in the HSC pool size of Mysm1 -/-mice is also contributed by their increased apoptotic rate, as reported by Nijnik at al.. 33 Indeed, we observed an average of 22.57% apoptosis in the Mysm1 -/-LSK cells, which was more than 6 folds higher than that of the wild-type mice Figure S6 ). These data demonstrate that normal HSC activity is critically dependent on Mysm1, and Mysm1-deficient HSC display intrinsic functional defects such as defective differentiation potential and impaired engraftment.
Gfi1 gene expression is regulated by Mysm1 in HSC
To gain an understanding of how Mysm1 functions in HSC, we performed a PCR array 38 . Later studies have shown that Gfi1 is also an intrinsic regulator of HSC function 10, 39 . Loss of Gfi1 causes defective ST-HSC and MPP development, an increase in cycling cells within the HSC pool, and an increase in the apoptotic rate of HSC 9, 10, 40 . Notably, Gfi1 -/-HSC lose the ability to maintain long-term hematopoiesis due to an increase in proliferation and eventual exhaustion of the stem cell pool 9, 10 . Our analysis here using Mysm1-deficient HSC has identified many phenotypes similar to that of Gfi1-deficient HSC. In addition, when Mysm1 was over expressed in Lin -cells, an increase in the mRNA levels of Gfi1 was detected (Figure 4c) . On the basis of these observations coupled with a marked decrease in the mRNA levels of Gfi1 in the Mysm1
-/-mice, we hypothesized that Mysm1 may possibly regulate Gfi1 and that its deficiency may be one of many reasons for the defective HSC homeostasis in the Mysm1 -/-mice.
Gfi1 is a direct transcriptional target of Mysm1 and is regulated by Mysm1 and its coordinated action with Gata2 and Runx1
To investigate whether Mysm1 regulates Gfi1 expression by binding to the regulatory elements of Gfi1 in HSC, we performed ChIP assays along the Gfi1 regulatory elements. A panel of PCR primers to encompass the -3.4kb promoter and -35kb enhancer of the Gfi1 locus was designed (Figure 5a) . Immunoprecipitation with the Mysm1-specific antibody, but not with negative-control IgG, enriched the sequences located at the Gfi1 promoter and enhancer regions in wild-type Lin -progenitors (Figure 5b) , demonstrating the direct association of Mysm1 with the Gfi1 regulatory elements.
Previous studies have characterized the enhancer 35 kb upstream of Gfi1, for its activity in the early hematopoietic cells 41 . This enhancer is bound and controlled by key HSC regulators, including Scl/Tal1, PU.1/Sfpi1, Runx1, and Gata2 41 . We tested whether
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Mysm1 interacts with these transcriptional factors to regulate Gfi1 enhancer and its expression. We performed coIP assays in 293T cells and we were surprised to detect direct interactions between Mysm1 and all of these transcriptional factors in 293T cells (Figure 5c) . However, when we further examined the association of these transcriptional Collectively, our data demonstrate that Mysm1-mediated Gfi1 transcription is a cellintrinsic requirement for HSC survival, proliferation and differentiation.
Mysm1 Orchestrates Histone Modifications at the Gfi1 Locus
To investigate how Mysm1 activates Gfi1 transcription, we first examined the levels of ubH2A at the Gfi1 enhancer. Our data showed that ubH2A levels, as well as the recruitment of histone-ubiquitinases Ring1b and Bmi1 was increased in the Gfi1 -3.4kb region of Mysm1 -/-Lin -progenitors, compared to that of the wild-type cells (Figure 7a-d) .
We then analyzed additional histone modifications at the Gfi1 locus that may be Quiescence is critical for the maintenance, survival and self-renewal of HSC.
Published studies of mice deficient in p21, p53, Gfi1, PTEN, Foxos, Pbx1, Mi2β, TSC1, PML, or Fbw7 have shown that a loss of quiescence and unscheduled HSC proliferation results in the loss of self-renewal ability or stem cell exhaustion 2, 43, 44 . We found that Mysm1-deficient HSC had hyper-proliferative properties due to their inability to remain quiescent and unlike c-Cbl-deficient mice 45 , Erg1-deficient mice 46 and Itch-deficient mice 35 , in which HSC continuous and excessive proliferation resulted in a larger HSC pool but without 'stem cell exhaustion', Mysm1-deficient mice had a reduced pool of HSC and failed to recover in response to stresses such as 5-FU and irradiation due to premature proliferative exhaustion. Importantly, Mysm1-deficient HSC was incompetent in repopulating the hematopoietic system in competitive BM transplantation assays, indicating that the self-renewal of these HSC was impaired.
HSC quiescence, self-renewal, and differentiation are well coordinated by transcription factors 34, 43 , of which the zinc finger protein growth factor independence 1 (Gfi1) is one example. Gfi1 was regarded as one of the most critical regulators in maintaining functional HSC 9, 10, 39 . In searching for the molecular role of Mysm1 in HSC using gene expression analysis, we identified Gfi1 as a possible target of Mysm1. Importantly, Gfi1
rescued the defective function of Mysm1 -/-HSC, atleast to a partial level. In addition to our experimental evidences that prove the Gfi1 regulation by Mysm1, we noticed many phenotypic similarities between Mysm1-and Gfi1-deficient HSC. In both Gfi1 -/-and
Mysm1
-/-mice, the absolute numbers of LSK cells and Flt3 positive progenitors were significantly reduced, HSC were unable to maintain quiescence and increased apoptosis was evident in HSC. Moreover, both deficient mice failed in long-term 
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